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Mg-chelatase catalyzes the first committed step
of the chlorophyll biosynthetic pathway, the ATP-
dependent insertion of Mg2+ into protoporphyrin IX
(PPIX). Here we report the reconstruction using
single-particle cryo-electron microscopy of the
complex between subunits BchD andBchI ofRhodo-
bacter capsulatus Mg-chelatase in the presence of
ADP, the nonhydrolyzable ATP analog AMPPNP,
and ATP at 7.5 A˚, 14 A˚, and 13 A˚ resolution, respec-
tively. We show that the two AAA+ modules of the
subunits form a unique complex of 3 dimers related
by a three-fold axis. The reconstructions demon-
strate substantial differences between the conforma-
tions of the complex in the presence of ATP and ADP,
and suggest that the C-terminal integrin-I domains of
the BchD subunits play a central role in transmitting
conformational changes of BchI to BchD. Based on
these data a model for the function of magnesium
chelatase is proposed.INTRODUCTION
The enzyme magnesium chelatase (Mg-chelatase) is active in
the branch point between chlorophyll and heme biosynthesis.
It catalyzes the insertion of Mg2+ into protoporphyrin IX (PPIX),
which is the first committed reaction of the chlorophyll biosyn-
thesis pathway. Mg-chelatase belongs to the class of AAA+-
type chelatases (Al-Karadaghi et al., 2006; Reid and Hunter,
2002; Schubert et al., 1999; Willows and Hansson, 2003). This
is also true for aerobic cobaltochelatase and nickel chelatase,
which are active in cobalamin (vitamin B12) and coenzyme F430
biosynthesis, respectively (Fodje et al., 2001; Lundqvist et al.,
2009; Raux et al., 2000). Magnesium chelatase is currently the
most extensively studied enzyme in this class of AAA+ chela-
tases. Its activity requires the presence of three subunits,
BchH, BchD, and BchI, which havemolecular masses of approx-
imately 140, 70, and 40 kDa, respectively (Gibson et al., 1995;354 Structure 18, 354–365, March 10, 2010 ª2010 Elsevier Ltd All rigJensen et al., 1998; Walker and Weinstein, 1991; Willows et al.,
1996; Willows and Beale, 1998). Biochemical studies have sug-
gested that the enzymatic reaction proceeds in distinct steps
(Jensen et al., 1998; Jensen et al., 1999; Reid and Hunter,
2004; Sawicki and Willows, 2008; Walker and Weinstein, 1994).
In the first step, the AAA+ motor complex between subunits
BchI and BchD is formed in the presence of ATP andMg2+, while
the largest subunit, BchH, binds PPIX by an unknown mecha-
nism. Our recent work has suggested that subunit BchD may
serve as a platform for the assembly of the complex (Axelsson
et al., 2006). Using the method of single-particle reconstruction
from electron microscopic images, we have also demonstrated
that binding of PPIX to BchH induces a large conformational
rearrangement in this subunit (Sirijovski et al., 2008).
In the reaction step that follows, the BchH:PPIX complex inter-
acts with the BchI:BchD complex, leading to insertion of Mg2+
into PPIX. During this part of the reaction, the BchH:PPIX
complex is a substrate of the BchI:BchD complex. It has been
estimated that around 15 (Reid and Hunter, 2004; Sawicki and
Willows, 2008) ATPmolecules may be required for each catalytic
cycle. The BchI subunit, which contains the characteristic ATP
binding Walker A and Walker B motifs (GX4GKSX6A and
hhhhD(D/E), where h is any hydrophobic residue), is responsible
for ATP hydrolysis (Jensen et al., 1999; Lake et al., 2004; Reid
et al., 2003; Reid and Hunter, 2004; Walker and Weinstein,
1994). The X-ray crystallographic structure of Rhodobacter
capsulatus BchI has been determined and it has been shown
to belong to the AAA+ family of ATPases (Fodje et al., 2001).
The protein was later assigned to the pre-sensor II (PS-II) insert
clade of the AAA+ family, which includes the MCM (minichromo-
some maintenance) family of helicases, the MoxR family of
molecular chaperones, and the dynein/midacin family of ATP-
dependent motors, the members of which are known to interact
with microtubules and the nuclear pore complex (Erzberger and
Berger, 2006; Iyer et al., 2004). A characteristic feature of AAA+
proteins is the formation of oligomeric ring structures with the
most common ring types consisting of 6 or 7 monomers (Vale,
2000). Electron microscopy (EM) and single-particle analysis
has indeed shown that in the presence of ATP, R. capsulatus
BchI and the corresponding subunit ChlI from Synechocystis
sp. PCC6830 can form hexameric and heptameric ring struc-
tures, respectively (Reid et al., 2003; Willows et al., 2004).hts reserved
Structure
The AAA+ Unit of Mg-ChelataseAmino acid sequence analysis has demonstrated that subunit
BchD, which is the second in size after BchH, has an AAA+
module at its N terminuswith distinct homology toBchI (Figure 1).
However, theWalker A andWalker Bmotifs, which are necessary
for ATP hydrolyzing activity, are poorly conserved in this subunit.
Despite this, BchD is still capable of forming oligomeric ring
structures, even in the absence of ATP (Axelsson et al., 2006).
Interestingly, the C-terminal part of BchD was found to contain a
domain homologous to a class of proteins termed integrin I
domains, which is a subgroup of a larger group of vonWillebrand
factor A domain proteins (Hynes, 1992; Tuckwell, 1999). These
domains are usually found as part of larger complexes, and
they are the principal receptors on the surfaces of animal cells,
being involved in thebindingofmost extracellularmatrix proteins.
Integrin I domains are characterized by the MIDAS motif (metal
ion-dependent adhesion site), which constitutes a unique Mg2+/
Mn2+ binding site. The same type of domain is present in cobalto-
chelatase (Fodje et al., 2001) and in the MoxR family of AAA+
proteins (Snider and Houry, 2006). Mutation of residues in the
MIDAS motif of R. capsulatus BchD (D385A and S387A) was
found to abolish Mg-chelatase activity (Axelsson et al., 2006).
The integrin I domain and the N-terminal AAA+ module of BchD
are linked to each other by a proline and an acidic residue-rich
region (Fodje et al., 2001). These types of domains are often
involved in protein-protein interactions (Kay et al., 2000). Based
on this knowledge, the region was suggested to be involved in
the stabilization of the BchI:BchD complex (Fodje et al., 2001).
In an earlier publication, we presented a new method for
ab initio single-particle reconstruction from cryo-EM images
(Elmlund et al., 2008). The power of the method was demon-
strated by the first reconstruction of the BchI:BchD complex
(referred toas the IDcomplex in the following text),which revealed
that in the presence of ADP the two subunits form a structurewith
a C3 point group symmetry. In the present work, this reconstruc-
tion was further refined at 7.5 A˚ resolution and used for a high-
accuracy fit of the X-ray crystallographic structure of subunit
BchI and the homology models of the integrin I domain and of
the AAA+ module of subunit BchD. The resulting first quasi-
atomicmodel was used in the interpretation of the conformations
of the complex in the presence of ADP, AMPPNP, and ATP.
RESULTS
Homology-Based Modeling of the D Subunit
The AAA+ module consists of two subdomains, an N-terminal
Rossman-type domain that contains the Walker A and B nucle-
otide binding motifs and a C-terminal helical bundle domain.
Alignment of the amino acid sequences of the Rhodobacter
capsulatus subunit BchI and the AAA+-like module of subunit
BchD (residues 1-238) showed 25% and 42% identity for the
N-terminal AAA+ core and the C-terminal helical bundle sub-
domains, respectively. This relatively high degree of overall
sequence similarity between the two AAA+ modules suggested
that the crystallographic structure of R. capsulatus BchI would
be a suitable template for homology modeling of the AAA+-like
module of BchD. A structure-based sequence alignment
between BchI and the N-terminal region of BchD and also a
comparison of the topology of BchI with the topology of the
modeled BchD are shown in Figure 1. Three major deletions inStructure 18, 3the R. capsulatus BchD sequence, as compared with BchI, can
be seen in the alignment: (1) a long hairpin between helix a1
and strand b2 (the numbering of the secondary structure
elements is according to [Iyer et al., 2004]), (2) the pre-sensor 1
(PS-I) hairpin between helix a3 and strand b4, and (3) the PS-II
insert between helices a5 and a6. Interestingly, these loops
are not deleted in the D subunit of some other organisms, like
Synechocystis sp and Nicotiana tabacum (Figure 1). For these
organisms the D subunit is much more similar to the I subunit.
On the other hand, the hairpin insertion into helix a2 (insertion
H2, characteristic of the H2-insert clade [Erzberger and Berger,
2006]) that is present in BchI is also present in BchD. Based on
these features, the AAA+ module of R. capsulatus BchD can be
assigned toauniquecladeofAAA+proteins,whichcanbeplaced
between the clamp loader and theH2-insert clades. An important
observation is that the absence of the PS-II insert in BchD would
place the helix bundle domain of the AAA+ module in a position
more common for other AAA+ modules, in contrast to BchI in
which this domain has a unique position (Fodje et al., 2001).
Overall Organization of the IDADP Complex
Due to the high quality and the relatively high resolution of the
reconstruction (7.5 A˚), several domains and even secondary
structure elements could be distinguished in the reconstructed
density. After manual docking of the X-ray coordinates of subunit
BchI and the homology model of the two domains of BchD, the
model was verified against mass spectrometric analysis of
crosslinking data (see below) and subsequently optimized by
least-squares refinement. With the exception of the bundle
domain located in the BchI dimer-dimer interface, for which a
rotational and translational adjustment was necessary, only
small adjustments of the positions of the domains were needed
during refinement. At the final stage, C3 symmetry was applied
to the model. Details of the resulting structure of the complex
in the presence of ADP are shown in Figure 2.
Panels A and B of Figure 2 show top views of the complex,
whereas panel C shows a side view. The reconstruction
suggests that the complex can be divided into two ring struc-
tures separated by a region of extensive interactions. Analysis
of the density of the reconstruction indicated that the smaller
bottom ring structure (110 A˚ in diameter, gray in Figure 2B) is
built up by a trimer of dimers. After thorough examination of
the volume density and repeated attempts to fit different struc-
tures into it, it became clear that the most optimal fit could be
achieved when subunit BchI was placed in the bottom ring
(Figure 2B). Subsequently, the upper ring was assigned to
subunit BchD. Similar to the BchI ring, the BchD ring appears
to be built up of a trimer of dimers (Figure 2A and C). However,
the reconstruction indicates that unlike the BchI ring, the BchD
monomers within each dimer have different conformations,
with at least some parts of the structure rotated by about 45
relative to each other (Figure 2C).
For identification of the positions of the different domains
within the rings, the IDADP complex was incubated with the
3,30-dithiobis(sulphosuccinimidylpropionate) (DTSSP), a thiol-
cleavable crosslinker that covalently binds lysine residues.
DTSSP reacts with primary amines (side chains of lysine resi-
dues and the N terminus of the protein) at pH 7–9 and forms
stable amide bonds. After proteolysis, the material was analyzed54–365, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 355
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Figure 2. Stereo View of the Reconstructed Model
of the ID Complex in the Presence of ADP at 7.5 A˚
Resolution
(A) The ID complex from the top showing the BchD ring (gold).
(B) The ID complex showing the bottom part which was
assigned to the BchI ring (gray).
(C) Side view of the ID complex showing the suggested
C-terminal integrin I domain and the proline-rich and acidic
residue-rich regions (green and orange) of the BchD dimer.
Structure
The AAA+ Unit of Mg-Chelataseby mass spectrometry (Figure 3A; see Table S1 available online).
Taking into account the length of the DTSSP moiety, which is
around 12 A˚, and the length of the side chain of lysine, which is
around 6 A˚, the maximum distance between the a-carbon atoms
of the crosslinked lysine residues could reach 24 A˚. Analysis of
the crosslinking results indicated that one of the integrin I
domains of a BchD dimer is in direct contact with the region of
the BchI ring around the dimer-dimer interface. The interactionsFigure 1. Sequence and Fold Comparison of Subunits BchI and BchD of Magnesium
(A) Structure-based alignment of the amino acid sequences of subunit BchI and the AAA+ modu
(PDB code 1G8P) are shown on top of the alignment (arrows: strands; spirals: a helices). The c
diagrams in (B) and (C). The numbering of secondary structure elements follows the conventio
2004). The positions of characteristic AAA+ motifs are also marked along the sequence: Walker A
2 insert (H2-insert), the arginine finger (ARG-finger), and sensor 1 and 2 (S-1 and S-2). The residues
domain of subunit BchD are marked with asterisks (Lys 16 and Lys 130 and Lys133 from the H2
vibrioforme; SYNY3, Synechocystis sp.; Tobac, Nicotiana tabacum.
(B) Topology diagram of subunit BchD constructed according to the homology model guided by t
using the X-ray crystallographic structure of subunit BchI as a modeling template.
(C) Topology diagram of the BchI subunit.
(D) Theoretical simulations were used to verify the possible position of the helical bundle domain o
lations show minimum energy solutions that fit the arrangement used for building the trimer arou
Structure 18, 354–365, Marchinvolve residues both from the N terminus of the
BchI subunit (Lys16) and from the b-hairpin inser-
tion in helix a2 (Lys130 and Lys133; see Figures
3B and 3C). This insertion, also called the H2 inser-
tion, is the main characteristic feature of the H2-
insertion clade of AAA+ proteins and is also present
in the PS-II insertion clade, to which BchI belongs
(Erzberger and Berger, 2006; Iyer et al., 2004).
Taking these restraints into account, a homology
model of the integrin I domain could be placed
into a density close to the BchI ring (Figures 3D
and 3E). The model fits well into the density where
the measured a-carbon distances of the cross-
linked lysine residues all are approximately within
the 24 A˚ range (Figure 3). In this position, the long
axis of the domain (running along the helices) is
approximately perpendicular to the three-fold axis
of the whole complex. The model of the second in-
tegrin I domain was docked into the corresponding
density in the second monomer of the BchD dimer.
At this position the domain is located in close prox-
imity to the monomer-monomer interface of a BchI
dimer, although at a longer distance, when
compared to the first integrin I domain. The long
axis of the domain (Figure 1B) is in this case almost
parallel to the three-fold axis of the whole complex,
reflecting the rotation of this domain.The density remaining after the docking of the integrin I domain
is shown in Figures 4Aand4B. The extendeddensity in the imme-
diate vicinity of the integrin I domainwas assigned to the polypro-
line- and acidic residue-rich central domain of the subunit. The
position of this domain could be confirmed independently by
the crosslinking experiments (BchI-K133 and BchD-K325,
K331; Table S1). Although, as mentioned above, no attempt
was made to model this domain, the total volume estimated onChelatase
le of BchD. Secondary structure elements of the BchI subunit
oloring of secondary structure elements follows the topology
n for AAA+ proteins (Erzberger and Berger, 2006; Iyer et al.,
and B motifs (W-A and W-B), pre-sensor I insert (PS-I), helix
identified in the crosslinking study to crosslink to the integrin I
insert). RHOCA, Rhodobacter capsulatus; CHLVI, Chlorobium
he structure-based sequence alignment shown in (A) and built
f subunit BchD in relation to the AAA+ core domain. The simu-
nd the three-fold axis of the complex shown in Figure 4.
10, 2010 ª2010 Elsevier Ltd All rights reserved 357
Figure 3. The Location of Amino Acid Residues Identified to Crosslink to Each Other
(A) Table showing the crosslinked BchI and BchD residues and the approximate distances between them (see also Table S1).
(B) Overall view of the reconstruction with the integrin I domains docked into the density according to the position identified by the crosslinking study.
(C, D) Details of the structure in the crosslinked region are shown. The crosslinked residues are shown as space-filling spheres and are color-coded according to
the table in (A).
(E) A stereo view showing the quality of fit of the integrin I domains into the reconstruction density. The region shown is the same as in Figure 2C.
Structure
The AAA+ Unit of Mg-Chelatasethe basis of the number of amino acids within it (139) was in good
agreement with the volume of the density indicated in Figure 4A
(around 20,000 A˚3). Because the core domains of the AAA+
module are usually arranged around the symmetry axis of the
complex, we assumed that the density immediately around the
three-fold axis of the ring belonged to the AAA+ core domains
of BchD. A putative position of three of the domains is shown in
Figure 4C. This arrangement is in agreement with the relative
position of the helical bundle domain, the intermediate polypro-
line- and acidic residue-rich domain and the C-terminal integrin
I domains. However, the positions of the domains in this case
are not as clearly defined as in the case of the BchI ring. Thus,
additional verification is still required for a clear view of the
domain arrangement within the BchD ring.358 Structure 18, 354–365, March 10, 2010 ª2010 Elsevier Ltd All rigThe AMPPNP- and ATP-Induced Conformations
It is known that AAA+ proteins undergo conformational
changes upon ATP binding and hydrolysis. To gain some
insight into the effect of nucleotide exchange on the conforma-
tion of the ID complex, we studied the complex in the presence
of the nonhydrolyzable ATP analog AMPPNP and in the pres-
ence of ATP. An ab initio three-dimensional (3D) reconstruction
of the AMPPNP-induced complex (IDAMPPNP) resolved to 14 A˚
resolution was calculated from 17,623 single-particle cryo-EM
images collected from six micrographs. The resulting recon-
struction is presented in Figures 5D and 5F. The overall organi-
zation of the complex contains all the characteristic features of
the IDADP complex described above, although a detailed com-
parison shows essential differences. One of these differences ishts reserved
Figure 4. The Density Remaining after the Docking of the Integrin
I Domain
(A) Side view of the ID complex. The central top part (blue) is thought to repre-
sent the density for the AAA+ modules of BchD, while green and brown mark
the density for proline and acidic residues rich domains belonging to different
BchD monomers (see also Figure 2C). The ribbon models represent the integ-
rin I domains (green and brown) and the BchI ring (gray).
(B) Top view of the ID complex showing the tentative density of the BchD AAA+
module trimer.
(C) Docking of the homology model of BchD AAA+ module into the density.
Structure
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Structure 18, 3the compression of the whole complex (120 A˚ in IDADP versus
100 A˚ in IDAMPPNP) in the direction of the three-fold axis (Fig-
ure 5E). It also appears that the integrin I domain, which is in
contact with the interface between the homodimers in the
BchI ring, has been pulled up, while the same domain from
the second BchD monomer within a dimer has moved down
toward the BchI monomer-monomer interface (Figures 5B,
5E, and 6). In the new conformation, the BchD ring appears
to be more contracted as a result of the BchD homodimers
coming closer to each other. The BchI ring has also trans-
formed over to a conformation in which the ring diameter is
smaller and the homodimers appear to be more stretched
toward the BchD ring.
The 3D reconstruction of ATP-induced ID complex was
resolved from 30,721 single particles collected from 15 micro-
graphs (see Experimental Procedures). Because Mg-chelatase
is dependent on ATP hydrolysis in the I-subunit for the catalysis
of the insertions of Mg2+ into protoporphyrin IX (Jensen et al.,
1999; Lake et al., 2004; Reid et al., 2003; Reid and Hunter,
2004; Walker and Weinstein., 1994), the population of ATP-
induced ID complexes was expected to contain particles in
either ATP-bound/hydrolyzed (transition) state or in the ADP-
bound state. After reconstruction of a mixed ab initio 3D model,
the refinement over all five degrees of freedom (Lindahl, 2001)
halted at a resolution of 20 A˚, a value significantly lower than
expected for the size of the data set. We interpreted this as
a sign of the data being heterogeneous and used multivariate
statistical analysis (Elmlund et al., 2009b), which is a method to
divide the data set into homogeneous groups. A dominant state
(35% of the particles) was identified and the subsequent sepa-
ration of this fraction from the entire data set substantially
improved the resolution of the reconstruction to 13 A˚ (Fig-
ure S1C). This reconstruction showed a high degree of resem-
blance to the reconstruction of the ATP-induced complex
between subunits CobS and CobT of the homologous cobalto-
chelatase (Figures 5J–5L).
In comparison with the IDAMPPNP state, the IDATP state
appears to be a continuation of the transition initiated by
AMPPNP binding. The whole complex in this state appears to
be much more contracted at its diameter and the structural
details are more stretched along the three-fold axis. The top
view (Figure 5G) shows that the BchD subunits are more tightly
packed at the periphery of the complex, creating an opening in
the center. In contrast, the BchI subunit has undergone an
extensive transition, resulting in the closure of the large cavity
in the center of the ring (Figure 5I). In this conformation, the
BchI ring could expose parts of the conserved loop and hairpin
insertions, which are normally responsible for binding to the54–365, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 359
Figure 5. The BchI:BchD Complex of Magnesium Chelatase in Different Nucleotide States
(A–C) Top (A), side (B), and bottom (C) views of the complex in the presence of ADP, filtered to 13 A˚ resolution for the comparison with the other reconstructions
(see also Figure S1).
(D–F) Top (D), side (E), and bottom (F) views of the complex in the presence of the nonhydrolyzable ATP analog AMPPNP.
(G–I) Top (G), side (H), and bottom (I) views of the complex in the presence of ATP.
(J–L) The corresponding views of the complex between subunits CobS:CobT of the homologs cobaltochelatase in the presence of ATP (Lundqvist et al., 2009).
Structure
The AAA+ Unit of Mg-Chelatasetarget substrate of the AAA+ unit. Thus, this conformation could
be the ‘‘productive,’’ BchH-binding conformation of the ID
complex.
DISCUSSION
The EM-based quasi-atomic model of the complex between
subunits BchI and BchD of Mg-chelatase provides insight into
the structure of the motor complex of a member of the PS-II
insert clade of AAA+ proteins. The structure contains several
unique features not observed in other known AAA+ motor units.
These include the unusual position of the C-terminal helix bundle
domain relative to the AAA+ core domain in subunit BchI,
observed in our earlier X-ray crystallographic structure (Fodje
et al., 2001), and the arrangement of the BchI subunits into a
trimer of dimers within a ring structure. This arrangement
suggests that a maximum number of only three ATP molecules
may be hydrolyzed at any moment. Because, as shown for
Mg-chelatase of both Synechocystis and R. capsulatus, as360 Structure 18, 354–365, March 10, 2010 ª2010 Elsevier Ltd All rigmuch as 15 ATP molecules are hydrolyzed per metal insertion
(Reid and Hunter, 2004; Sawicki and Willows, 2008), each BchI
homodimer will have to hydrolyze several ATP molecules to
fuel the insertion of Mg2+. However, these in vitro results assume
a stable ID complex with no exchange of subunits between the
BchI ring and the assay buffer. It should be mentioned that the
arrangement of the subunits in the ID complex in a trimer of
dimers appears to be unique, because for the replicative heli-
caseMCM, another member of the PSII insertion clade for which
the 3D structure has recently been determined, the EM recon-
struction was interpreted to have a six-fold symmetry (Bae
et al., 2009). This was in line with earlier observations that
demonstrated that the N-terminal portion of the structure (non-
AAA+ part) crystallized as a hexamer (Fletcher et al., 2003;
Liu et al., 2008).
Normally, ATP binding and hydrolysis in AAA+ familymembers
takes place at the interfaces between subunits that form the olig-
omeric ring structures (Figures 7A and 7B). ATP has also been
implicated as an important factor in stabilizing these structureshts reserved
Figure 6. Difference Density Highlighting the Regions with the
Largest Shifts in Conformation during the Transition between the
ADP and AMPPNP States of the ID Complex (Red)
These are concentrated to the top of the BchD-ring, to the middle region
(which was assigned to the integrin I domains) and to some parts of the BchI
ring (bottom part).
Structure
The AAA+ Unit of Mg-Chelatase(Erzberger and Berger, 2006). Thus, for Mg-chelatase from
barley, mutations in the I subunit that lead to changes of residues
located at the interface in close vicinity to the ATP binding site,
can dramatically reduce ATPase activity as well asMg-chelatase
activity (Hansson et al., 2002). Because subunit I is the only
subunit of R. capsulatus magnesium chelatase known to bind
and hydrolyze ATP, the changes in the interaction patterns at
the nucleotide binding site in the ATP and ADP states would
most probably serve as one of the factors that trigger the confor-
mational dynamics of the ID complex. One could speculate that
ATP hydrolysis by the three active ATP-binding sites would result
in disruption of dimer-stabilizing interactions, which may in turn
lead to dimer ‘‘dissociation’’ to facilitate ADP/ATP exchange.
Following this, the monomers, using the already ‘‘exchanged’’
ATPmolecules bound to the alternate sites, may switch partners
and form new dimers. It should be noted that the ‘‘relaxed’’ IDADP
conformation shown in Figures 5A–5C, presumably with all
nucleotide binding sites occupied by ADP, most probably does
not exist in vivo because in cells ATP will immediately replace
ADP at the dimer-dimer interface. This subunit-exchange mech-
anism suggests that in vivo the complex could be alternating
between the states with ATP bound to three alternative sites.
The conformational changes in the BchI ring and the associ-
ated movement of the integrin I domain can be expected to
have consequences for the conformation of the entire BchD
ring. Thus, for understanding the dynamics of the ID complex,
it would be crucial to understand the role of the integrin I domain
in transmitting the changes in conformation of the BchI ring to
changes in the conformation of the BchD ring. The data pre-
sented localize the sites of interaction of the integrin I domains
with the BchI ring to the interface between either the homo-
dimers or the monomers in a homodimer (Figures 5 and 7C).
This would allow the integrin I domain to ‘‘sense’’ the nucleotide
state of the BchI ring and react accordingly. A schematic presen-
tation of the suggested model of dynamics of the complex uponStructure 18, 3ATP hydrolysis and ADP/ATP exchange, involving the integrin I
domains changing their positions in response to ATP binding
and hydrolysis and the BchI homodimers being rebuilt through
switching ofmonomers, is shown in Figure 7C.Monomer switch-
ing will probably also require a rearrangement of the relative
position of the helix-bundle and AAA+ core domains in one of
the subunits. Interestingly, the interaction of the integrin I domain
with the BchI ring appears to involve a region of the helix bundle
domain in the BchI subunit which contains a conserved RGE/D
motif known to be involved in binding to integrin I domains.
This would explain the previously observed ATPase-inhibitory
effect that subunit BchD has on BchI (Gibson et al., 1999), since
this arginine residue in the RGEmotif is part of the ATPase active
site. Although the nucleotide-binding ability of subunit BchD has
never been addressed directly, from our interpretation of the
conformation of subunit BchD in the ADP-state of the ID com-
plex, no intact nucleotide binding sites may exist in the BchD
ring in this state. However, this does not exclude the possibility
that the rearrangements seen in the AMPPNP and ATP states
would result in creation of a nucleotide-binding interface
between BchD subunits.
It is important to note that large differences exist in the way
AAA+ machines utilize the energy derived from ATP binding/
hydrolysis. However, a critical step for all these systems is the
recognition of the proper macromolecular substrates. Although
it has been established that the BchH subunit is the substrate
for the ID complex (Karger et al., 2001; Willows and Beale,
1998), the data on the structure and stability of the holoenzyme
complex (ID+H) are very limited. In an earlier publication it was
suggested that the complex may exist transiently and dissociate
after chelation (Axelsson et al., 2006). Using tryptophan fluores-
cence studies, it has also been shown that subunit BchH
undergoes a conformational transition during the catalytic cycle
(Karger et al., 2001). This was confirmed in a recent study, which
demonstrated that BchH undergoes a conformational transition
in response to porphyrin binding (Sirijovski et al., 2008). It cannot
be excluded that the conformational dynamics of the BchH
subunit may be coupled to the dynamics of the integrin I domain
within the ID complex and may be related to association and
release of the H subunit from the complex. However, at present
it is unknown how subunit BchH binds to the ID complex and
which of the two subunits, D, or I it interacts with. On the basis
of the current models of the ID complex and by analogy to other
AAA+ module complexes (Dougan et al., 2002; Lupas and
Martin, 2002; Neuwald et al., 1999), it may be speculated that
the conserved and unique insertions in the amino acid sequence
of the BchI subunit (the H2-, PS-I, and PS-II inserts and the
a1-b2-b-hairpin) may create the binding site for BchH when
exposed to solvent as in the conformation in the presence of
ATP (Figures 5G–5I). In addition, the semiconserved integrin I
domain-binding LDV motif of the H subunit suggests that BchH
may also interact with the D subunit through the MIDAS motif
of the integrin I domain. Thus, the presented model of the
complex shows that in one of the two alternate conformations
of the integrin I domains the MIDAS motif is exposed to solvent,
which would be required for the interaction. The importance
of the MIDAS motif in Mg-chelatase activity was demonstrated
in the work by Axelsson et al. (2006), who showed that
replacements D385A and S387A (MIDAS motif residues), while54–365, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 361
Figure 7. The Putative ATP-Binding Site between Monomers in
a BchI Homodimer
(A) The BchI ring with the X-ray crystallographic structure of BchI docked into
it. The ATP molecule is shown in space-filling representation (green).
(B) An ATPmolecule (shown in sticks representation) was placed between two
monomers after superposition of the BchI ring with the HslU ring. The positions
of the characteristic functional residues are marked (R-F: the arginine finger;
S-II: sensor II; W-A and W-B: Walker A and Walker B motifs).
(C) Schematic presentation of the conformational cycle involving the integrin I
domains changing their positions relative to the BchI ring and the monomers
within the BchI ring changing interaction partners (a transition from black:
black-white:white dimers to black:white dimers).
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362 Structure 18, 354–365, March 10, 2010 ª2010 Elsevier Ltd All rigabolishing Mg-chelatase activity, did not affect the ability of BchI
and BchD to form the ID complex. It is interesting to note that the
integrin I domain and the PS-II insert helix of subunit BchI, which
may serve as one of the potential interaction sites for BchH, are
positioned in close proximity to each other in the structure of the
ID complex (Figure 3B). As suggested for other AAA+ proteins,
interactions with this region may be important in the regulation
of the ATP hydrolyses activity of the complex (Erzberger and
Berger, 2006). It may be speculated that the binding of the H
subunit to the ID complex may release the above-mentioned
inhibitory effect of the integrin I domain. This in turn will trigger
ATP hydrolysis and a conformational change in the whole
complex, leading to the release of the H subunit. However,
further structural and biochemical investigations are required
to answer these questions.EXPERIMENTAL PROCEDURES
Homology Modeling of the AAA Domain of BchD
All sequences used were obtained from the Swiss-Prot protein sequence
database (http://www.expasy.org/sprot/) and coordinates of crystallographic
structures were obtained from the RCSB Protein Data Bank (PDB) (http://
www.rcsb.org/pdb/index.html). Initial sequence alignment was adapted from
the earlier study of the crystallographic structure of BchI (Fodje et al., 2001).
Sequence analysis and visualization were performed using the Indonesia soft-
ware (http://alpha2.bmc.uu.se/dennis). Superposition of the structures and
manual refinement of the structure-based sequence alignment were done
using Swiss-PDB Viewer version 3.7 (Guex and Peitsch, 1997; Schwede
et al., 2003). The DALI server was used for the search for structural homologs
that could be used as template structures in modeling (Holm and Sander,
1995). The homology model was constructed using Swiss-PDB Viewer and
energy minimized on the Swiss Modeler server. The model of R. capsulatus
BchD AAA+-like domain was based on the crystallographic structure of
R. capsulatus BchI (PDB code 1G8P). The geometry of the modeled BchD
was checked with the Ramachandran plot (program PROCHECK [Laskowski
et al., 1993]). The Ramachandran plot indicated that 87.8% of backbone
dihedral angles of BchD lay in the most favored regions and 10.2% lay in addi-
tional allowed regions, as compared to 89.8% in the most favored regions and
9.9% in additional allowed regions for the 2.1 A˚ template crystallographic
structure of BchI (PDB code 1g8p).
The possible relative positions of the AAA-like core domain and the helical
bundle domain of BchD were predicted based on intermolecular energies as
the sum of electrostatic and van der Waals energies, with a rigid-body search
(software Dot2.0 [Mandell et al., 2001]) using translations and rotation of the
helical bundle domain about the AAA-like core domain (Figure 1D). The
arrangement of the domains was subsequently used to verify their assigned
positions in the construction of the quasi-atomic model of the ID complex.
The integrin I domain of BchD was modeled based on homology to the struc-
ture of platelet collagen receptor (ITA2_HUMAN, PDB code 1AOX [Emsley
et al., 1997]). Modeling of the polyproline-rich and negatively chargedhts reserved
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The AAA+ Unit of Mg-Chelataseresidue-rich middle domain of subunit BchD was not possible in the absence
of homology to any known structure.Electron Microscopy and Single-Particle Processing
Both production and purification of the BchD and BchI proteins were achieved
essentially as described previously (Willows and Beale, 1998). Vitrified speci-
mens for cryo-EM were prepared, and image acquisition and digitization was
performed as described elsewhere (Elmlund et al., 2008), resulting in
a sampling size of 2.33 A˚/pixel at the specimen level. Defocusing of the images
varied from 1.0 to 5.5 mm to avoid systematic loss of information due to the
contrast transfer function (CTF). Selection of particles was performed auto-
matically in Boxer (Ludtke et al., 1999), by using image dimensions large
enough to prevent cut-off of high-resolution information spread outside the
boundaries of the particles. The CTF was parameterized individually for each
micrograph in Ctfit (Ludtke et al., 1999) by using the averaged power spectrum
calculated from 256 3 256-pixel images periodically boxed over the micro-
graph with a 50% overlap between each image. Correction for the contrast
inversions was performed simultaneously with the up-weighting of high-
frequency components by applying aWiener filter to each defocus group using
the commands ‘‘tf c’’ and ‘‘tf cts’’ in Spider (Frank et al., 1996). Translational
alignment, using only integer shifts to avoid interpolation artifacts, was per-
formed in Eman (Ludtke et al., 1999) before reducing the image dimensions
to allow for 30% background padding around the particles and applying a
Gaussian mask. Translational and in-plane rotational invariance was achieved
by using the concept of alignment as a feature of the entire image set (Frank
et al., 1996; Penczek et al., 1992) followed by a compression of the data set
to 60 dimensions by using principal component analysis and hierarchical
ascendant classification of the AMPPNP- and ATP-induced preparations
into 526 and 616 classes, respectively. Reference-free alignment of 150 class
averages was achieved by common line correlation-driven simulated anneal-
ing in a discrete angular space, followed by continuous refinement of the
orientations as described by (Elmlund et al., 2008). An initial 3D model was
calculated by using Fourier interpolation reconstruction as implemented in
Spider (Frank et al., 1996). Separation of conformational/morphological states
was achieved as described previously (Elmlund and Elmlund, 2009a). Multire-
ference refinement was performed in several rounds by using common line
correlation-based orientation search over all five degrees of freedom in Strul
(Lindahl, 2001). VolRec (Elmlund et al., 2008) was used for the calculation
of a model after each round of refinement until no further improvement in
resolution was achieved. UCSF chimera (Pettersen et al., 2004) was used for
docking and visualization.Validation
Based on the 0.5 Fourier shell correlation criterion (Figure S1), the resolution of
the ID complex was estimated to be 14 A˚ for the AMPPNP-induced prepara-
tion and 13 A˚ for the resolved state of the ATP-induced preparation. For further
validation, projections of the final 3D reconstruction were compared to class
averages in corresponding orientations and showed good agreement
(Figure S1).Chemical Crosslinking
NAP5 desalting columns (GE Healthcare Bio-Sciences AB, Uppsala, Sweden)
were used to change the buffers for BchI and BchD to 50 mM HEPES-NaOH
(pH 8.0), 15 mM MgCl2, and 50 mM HEPES-NaOH (pH 8.0), 15 mM MgCl2,
6 M urea, 4 mM dithiothreitol (DTT), respectively. BchI and BchD were mixed
to a final concentration of 0.10 mg/ml each, and ADP (final concentration
6 mM) was added to induce the formation of the hexameric rings. The mixture
was incubated with a low concentration (12.5 mM) of the crosslinker DTSSP
for 30 min at room temperature and thereafter quenched by addition of 1 M
Tris-HCl (pH 7.5), to a final concentration of 20 mM. The crosslinked protein
was precipitated with acetone and the protein sample was dissolved in
25 mM NH4HCO3 (pH 7.8). Half of the sample was supplied with a reductant
(50 mMDTT) and reacted with 50 mM iodoacetamide to reduce the disulphide
bridge in the DTSSP crosslinker, thereby converting crosslinked double
peptides to single peptides carrying one-half of the crosslinker each (A˚hrman
et al., 2007).Structure 18, 3SDS-PAGE and MS Preparation
Protein samples were mixed with NuPage LDS sample buffer without DTT
(Invitrogen, Carlsbad, CA) and run on a NuPage Novex 4%–12% gradient
polyacrylamide gel (Invitrogen) under nonreducing conditions with 3-(N-mor-
pholino) propanesulphonic acid (MOPS) as running buffer. The polyacrylamide
gel was stained with PageBlue Protein Staining Solution (Fermentas, Burling-
ton, ON, Canada) according to the manufacturer’s instructions. Proteins
visualized on the gel were fractionated with a reverse-phase nano-LC using
an 1100 Series Nanoflow LC system (Agilent Technologies, Waldbronn,
Germany) directly onto a MALDI target plate. As matrix solution, 5 mg/ml
a-cyano-4-hydroxy cinnamic acid in 50% acetonitrile, 0.1% trifluoroacetic
acid and 50 mM citric acid was used. The matrix solution also included
standard peptides for internal calibration. The mass spectrometer (Applied
Biosystems 4700 Proteomics Analyzer with TOF/TOF optics; Applied Biosys-
tems, Framingham, CA) was run in positive reflection mode.
MS Analysis
The identification of proteins was performed using GPS ExplorerTM (Version
3.6) software with an in-house version of the Mascot engine (Version 1.9,
Matrix Science, London, UK) using the Swissprot database. The crosslinked
peptides were analyzed using General Protein/Mass Analysis for Windows
(GPMAW) version 8.0 (Lighthouse Data, Odense, Denmark) (Table S1).
ACCESSION NUMBERS
Maps have been deposited in the EMDataBank with accession codes
EMD-1676, EMD-1677 and EMD-1678 for BchID_ADP, BchID_ATP, and
BchD_AMPPNP, respectively. The model of six BchI subunits and six C-termi-
nals of BchD subunits respectively was deposited to the PDB with ID code
2x31.
SUPPLEMENTAL INFORMATION
Supplemental Information includes one figure and one table, and can be found
with this article online at doi:10.1016/j.str.2010.01.001.
ACKNOWLEDGMENTS
This work was supported by a grant from the Swedish Natural Science
Research Council (VR) to S.A.K., M.H. and H.E., and by grants from the Danish
Council for Independent Research (FNU) and the Carlsberg Foundation to
M.H.. We thank Sreekanth Rajan for helping us with the final processing of
the homology models included in this work. We also thank the LUNARC centre
for distributed computing in Lund.
Received: December 9, 2009
Revised: January 19, 2010
Accepted: January 19, 2010
Published: March 9, 2010
REFERENCES
A˚hrman, E., Lambert, W., Aquilina, J.A., Robinson, C.V., and Emanuelsson,
C.S. (2007). Chemical cross-linking of the chloroplast localized small heat-
shock protein, Hsp21, and the model substrate citrate synthase. Protein Sci.
16, 1464–1478.
Al-Karadaghi, S., Franco, R., Hansson, M., Shelnutt, J.A., Isaya, G., and
Ferreira, G.C. (2006). Chelatases: distort to select? Trends Biochem. Sci. 31,
135–142.
Axelsson, E., Lundqvist, J., Sawicki, A., Nilsson, S., Schro¨der, I., Al-Karadaghi,
S., Willows, R.D., and Hansson, M. (2006). Recessiveness and dominance in
barley mutants deficient in Mg-chelatase subunit D, an AAA protein involved
in chlorophyll biosynthesis. Plant Cell 18, 3606–3616.
Bae, B., Chen, Y.H., Costa, A., Onesti, S., Brunzelle, J.S., Lin, Y., Cann, I.K.,
and Nair, S.K. (2009). Insights into the architecture of the replicative helicase
from the structure of an archaeal MCM homolog. Structure 17, 211–222.54–365, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 363
Structure
The AAA+ Unit of Mg-ChelataseDougan, D.A., Mogk, A., Zeth, K., Turgay, K., and Bukau, B. (2002). AAA+
proteins and substrate recognition, it all depends on their partner in crime.
FEBS Lett. 529, 6–10.
Elmlund, D., and Elmlund, H. (2009). High-resolution single-particle orientation
refinement based on spectrally self-adapting common lines. J. Struct. Biol.
167, 83–94.
Elmlund, H., Lundqvist, J., Al-Karadaghi, S., Hansson, M., Hebert, H., and
Lindahl, M. (2008). A new cryo-EM single-particle ab initio reconstruction
method visualizes secondary structure elements in an ATP-fueled AAA+
motor. J. Mol. Biol. 375, 934–947.
Elmlund, H., Baraznenok, V., Linder, T., Szilagyi, Z., Rofougaran, R., Hofer, A.,
Hebert, H., Lindahl, M., and Gustafsson, C.M. (2009). Cryo-EM reveals
promoter DNA binding and conformational flexibility of the general transcrip-
tion factor TFIID. Structure 17, 1442–1452.
Emsley, J., King, S.L., Bergelson, J.M., and Liddington, R.C. (1997). Crystal
structure of the I domain from integrin a2b1. J. Biol. Chem. 272, 28512–28517.
Erzberger, J.P., and Berger, J.M. (2006). Evolutionary relationships and
structural mechanisms of AAA+ proteins. Annu. Rev. Biophys. Biomol. Struct.
35, 93–114.
Fletcher, R.J., Bishop, B.E., Leon, R.P., Sclafani, R.A., Ogata, C.M., and Chen,
X.S. (2003). The structure and function of MCM from archaeal M. thermoauto-
trophicum. Nat. Struct. Biol. 10, 160–167.
Fodje, M.N., Hansson, A., Hansson, M., Olsen, J.G., Gough, S., Willows, R.D.,
and Al-Karadaghi, S. (2001). Interplay between an AAAmodule and an integrin
I domain may regulate the function of magnesium chelatase. J. Mol. Biol. 311,
111–122.
Frank, J., Radermacher, M., Penczek, P., Zhu, J., Li, Y., Ladjadj, M., and Leith,
A. (1996). SPIDER and WEB: processing and visualization of images in 3D
electron microscopy and related fields. J. Struct. Biol. 116, 190–199.
Gibson, L.C., Jensen, P.E., and Hunter, C.N. (1999). Magnesium chelatase
from Rhodobacter sphaeroides: initial characterization of the enzyme using
purified subunits and evidence for a BchI-BchD complex. Biochem. J. 337,
243–251.
Gibson, L.C., Willows, R.D., Kannangara, C.G., von Wettstein, D., and Hunter,
C.N. (1995). Magnesium-protoporphyrin chelatase of Rhodobacter sphaer-
oides: reconstitution of activity by combining the products of the bchH, -I,
and -D genes expressed in Escherichia coli. Proc. Natl. Acad. Sci. USA 92,
1941–1944.
Guex, N., and Peitsch, M.C. (1997). SWISS-MODEL and the Swiss-
PdbViewer: an environment for comparative protein modeling. Electropho-
resis 18, 2714–2723.
Hansson, A., Willows, R.D., Roberts, T.H., and Hansson, M. (2002). Three
semidominant barley mutants with single amino acid substitutions in the
smallest magnesium chelatase subunit form defective AAA+ hexamers.
Proc. Natl. Acad. Sci. USA 99, 13944–13949.
Holm, L., and Sander, C. (1995). Dali: a network tool for protein structure
comparison 14. Trends Biochem. Sci. 20, 478–480.
Hynes, R.O. (1992). Integrins: versatility, modulation, and signaling in cell
adhesion. Cell 69, 11–25.
Iyer, L.M., Leipe, D.D., Koonin, E.V., and Aravind, L. (2004). Evolutionary
history and higher order classification of AAA+ ATPases. J. Struct. Biol. 146,
11–31.
Jensen, P.E., Gibson, L.C., and Hunter, C.N. (1998). Determinants of cata-
lytic activity with the use of purified I, D and H subunits of the magnesium
protoporphyrin IX chelatase from Synechocystis PCC6803. Biochem. J. 334,
335–344.
Jensen, P.E., Gibson, L.C., and Hunter, C.N. (1999). ATPase activity associ-
ated with themagnesium-protoporphyrin IX chelatase enzyme of Synechocys-
tis PCC6803: evidence for ATP hydrolysis during Mg2+ insertion, and the
MgATP-dependent interaction of the ChlI and ChlD subunits. Biochem. J.
339, 127–134.
Karger, G.A., Reid, J.D., and Hunter, C.N. (2001). Characterization of the
binding of deuteroporphyrin IX to the magnesium chelatase H subunit and
spectroscopic properties of the complex. Biochemistry 40, 9291–9299.364 Structure 18, 354–365, March 10, 2010 ª2010 Elsevier Ltd All rigKay, B.K., Williamson, M.P., and Sudol, M. (2000). The importance of being
proline: the interaction of proline-rich motifs in signaling proteins with their
cognate domains. FASEB J. 14, 231–241.
Lake, V., Olsson, U., Willows, R.D., and Hansson, M. (2004). ATPase activity
of magnesium chelatase subunit I is required to maintain subunit D in vivo.
Eur. J. Biochem. 271, 2182–2188.
Laskowski, R.A., MacArthur, M.W., Moss, D.S., and Thornton, J.M. (1993).
PROCHECK: a program to check the stereochemical quality of protein
structures. J. Appl. Crystallogr. 26, 283–291.
Lindahl, M. (2001). Strul–a method for 3D alignment of single-particle projec-
tions based on common line correlation in Fourier space. Ultramicroscopy
87, 165–175.
Liu, W., Pucci, B., Rossi, M., Pisani, F.M., and Ladenstein, R. (2008). Structural
analysis of the Sulfolobus solfataricus MCM protein N-terminal domain.
Nucleic Acids Res. 36, 3235–3243.
Ludtke,S.J.,Baldwin,P.R., andChiu,W. (1999).EMAN:semiautomatedsoftware
for high-resolution single-particle reconstructions. J. Struct. Biol. 128, 82–97.
Lundqvist, J., Elmlund, D., Heldt, D., Deery, E., So¨derberg, C.A., Hansson, M.,
Warren, M., and Al-Karadaghi, S. (2009). The AAA(+) motor complex of
subunits CobS and CobT of cobaltochelatase visualized by single particle
electron microscopy. J. Struct. Biol. 167, 227–234.
Lupas, A.N., and Martin, J. (2002). AAA proteins. Curr. Opin. Struct. Biol. 12,
746–753.
Mandell, J.G., Roberts, V.A., Pique, M.E., Kotlovyi, V., Mitchell, J.C., Nelson,
E., Tsigelny, I., and Ten Eyck, L.F. (2001). Protein docking using continuum
electrostatics and geometric fit. Protein Eng. 14, 105–113.
Neuwald, A.F., Aravind, L., Spouge, J.L., and Koonin, E.V. (1999). AAA+:
A class of chaperone-like ATPases associated with the assembly, operation,
and disassembly of protein complexes. Genome Res. 9, 27–43.
Penczek, P., Radermacher, M., and Frank, J. (1992). Three-dimensional recon-
struction of single particles embedded in ice. Ultramicroscopy 40, 33–53.
Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M.,
Meng, E.C., and Ferrin, T.E. (2004). UCSF chimera - A visualization system
for exploratory research and analysis. J. Comput. Chem. 25, 1605–1612.
Raux, E., Schubert, H.L., and Warren, M.J. (2000). Biosynthesis of cobalamin
(vitamin B12): a bacterial conundrum. Cell. Mol. Life Sci. 57, 1880–1893.
Reid, J.D., and Hunter, C.N. (2002). Current understanding of the function of
magnesium chelatase. Biochem. Soc. Trans. 30, 643–645.
Reid, J.D., and Hunter, C.N. (2004). Magnesium-dependent ATPase activity
and cooperativity of magnesium chelatase from Synechocystis sp.
PCC6803. J. Biol. Chem. 279, 26893–26899.
Reid, J.D., Siebert, C.A., Bullough, P.A., and Hunter, C.N. (2003). The ATPase
activity of the ChlI subunit of magnesium chelatase and formation of a hepta-
meric AAA+ ring. Biochemistry 42, 6912–6920.
Sawicki, A., and Willows, R.D. (2008). Kinetic analyses of the magnesium
chelatase provide insights into the mechanism, structure, and formation of
the complex. J. Biol. Chem. 283, 31294–31302.
Schubert, H.L., Raux, E., Wilson, K.S., and Warren, M.J. (1999). Common
chelatase design in the branched tetrapyrrole pathways of heme and anaer-
obic cobalamin synthesis. Biochemistry 38, 10660–10669.
Schwede, T., Kopp, J., Guex, N., and Peitsch, M.C. (2003). SWISS-MODEL:
An automated protein homology-modeling server. Nucleic Acids Res. 31,
3381–3385.
Sirijovski, N., Lundqvist, J., Rosenback, M., Elmlund, H., Al-Karadaghi, S.,
Willows, R.D., and Hansson, M. (2008). Substrate-binding model of the
chlorophyll biosynthetic magnesium chelatase BchH subunit. J. Biol. Chem.
283, 11652–11660.
Snider, J., and Houry, W.A. (2006). MoxR AAA+ ATPases: a novel family of
molecular chaperones? J. Struct. Biol. 156, 200–209.
Tuckwell, D. (1999). Evolution of von Willebrand factor A (VWA) domains.
Biochem. Soc. Trans. 27, 835–840.
Vale, R.D. (2000). AAA proteins. Lords of the ring. J. Cell Biol. 150, F13–F19.hts reserved
Structure
The AAA+ Unit of Mg-ChelataseWalker, C.J., and Weinstein, J.D. (1991). In vitro assay of the chlorophyll
biosynthetic enzyme Mg-chelatase: resolution of the activity into soluble
and membrane-bound fractions. Proc. Natl. Acad. Sci. USA 88, 5789–
5793.
Walker, C.J., and Weinstein, J.D. (1994). The magnesium-insertion step of
chlorophyll biosynthesis is a two-stage reaction. Biochem. J. 299, 277–284.
Willows, R.D., and Beale, S.I. (1998). Heterologous expression of the Rhodo-
bacter capsulatus BchI, -D, and -H genes that encode magnesium chelatase
subunits and characterization of the reconstituted enzyme. J. Biol. Chem.
273, 34206–34213.Structure 18, 3Willows, R.D., Gibson, L.C., Kanangara, C.G., Hunter, C.N., and vonWettstein,
D. (1996). Three separate proteins constitute the magnesium chelatase of
Rhodobacter sphaeroides. Eur. J. Biochem. 235, 438–443.
Willows, R.D., Hansson, A., Birch, D., Al-Karadaghi, S., and Hansson, M.
(2004). EM single particle analysis of the ATP-dependent BchI complex
of magnesium chelatase: an AAA+ hexamer. J. Struct. Biol. 146, 227–
233.
Willows, R.D., and Hansson, M. (2003). Mechanism, structure, and regulation
of magnesium chelatase. In The Porphyrin Handbook II (San Diego, CA:
Academic Press), pp. 1–48.54–365, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 365
